Bardet-Biedl syndrome (BBS) is an autosomal recessive, genetically heterogeneous, pleiotropic human disorder characterized by obesity, retinopathy, polydactyly, renal and cardiac malformations, learning disabilities, and hypogenitalism. Eight BBS genes representing all known mapped loci have been identified. Mutation analysis of the known BBS genes in BBS patients indicate that additional BBS genes exist and/or that unidentified mutations exist in the known genes. To identify new BBS genes, we performed homozygosity mapping of small, consanguineous BBS pedigrees, using moderately dense SNP arrays. A bioinformatics approach combining comparative genomic analysis and gene expression studies of a BBS-knockout mouse model was used to prioritize BBS candidate genes within the newly identified loci for mutation screening. By use of this strategy, parathyroid hormone-responsive gene B1 (B1) was found to be a novel BBS gene (BBS9), supported by the identification of homozygous mutations in BBS patients. The identification of BBS9 illustrates the power of using a combination of comparative genomic analysis, gene expression studies, and homozygosity mapping with SNP arrays in small, consanguineous families for the identification of rare autosomal recessive disorders. We also demonstrate that small, consanguineous families are useful in identifying intragenic deletions. This type of mutation is likely to be underreported because of the difficulty of deletion detection in the heterozygous state by the mutation screening methods that are used in many studies.
Introduction
Bardet-Biedl syndrome (BBS [MIM 209900] ) is a pleiotropic, autosomal recessive disorder characterized by obesity, pigmentary retinopathy, polydactyly, renal abnormalities, learning disabilities, and hypogenitalism (Bardet 1920; Biedl 1922; Green et al. 1989 ). The disorder is also associated with an increased susceptibility to diabetes mellitus, hypertension, and congenital heart disease (Harnett et al. 1988; Green et al. 1989; Elbedour et al. 1994) . BBS shows variable expressivity within and between families, a finding that suggests genetic complexity. The disorder also displays extensive genetic heterogeneity, and the involvement of two mutations at one locus and a third mutation at a second locus has been suggested (Katsanis et al. 2001) . To date, eight BBS loci have been mapped, and the causative gene at each of these loci has been identified (Kwitek-Black et al. 1993; Sheffield et al. 1994; Carmi et al. 1995; Young et al. 1999; Katsanis et al. 2000; Slavotinek et al. 2000; Nishimura et al. 2001; Mykytyn et al. 2001 Mykytyn et al. , 2002 Ansley et al. 2003; Badano et al. 2003; Chiang et al. 2004; Fan et al. 2004; Li et al. 2004) . Mutation screening of the eight known genes has resulted in the identification of approximately half of the causative mutations, indicating that additional BBS genes and mutations have yet to be identified (Katsanis 2004; Hichri et al. 2005 ; V.C.S. and E.M.S., unpublished data; L.G.B., unpublished data).
The initial identification of BBS genes relied heavily on positional cloning, a process that begins with the localization of genetic intervals, with the use of genetic linkage studies of large multiplex families (Katsanis et al. 2000; Slavotinek et al. 2000; Mykytyn et al. 2001; Nishimura et al. 2001) . Subsequently, bioinformatic comparisons of protein sequences aided in the identification of additional BBS genes. For example, the positional cloning of the BBS1 gene was aided by the finding of limited sequence homology to BBS2 (Mykytyn et al. 2002) . BBS7 and BBS8 were identified by per-forming database searches for proteins with partial homology to BBS2 and BBS4, respectively Badano et al. 2003) . The BBS3 and BBS5 genes were recently identified using a combination of comparative genomics and positional cloning Fan et al. 2004; Li et al. 2004 ). The identification of additional BBS genes is hindered by the extensive genetic heterogeneity and by the paucity of additional large multiplex families for genetic mapping. To overcome these obstacles in this study, we performed homozygosity mapping by the use of genomewide SNP analysis of small (one or two affected individuals), consanguineous BBS families, to identify potential new BBS candidate regions, and we applied a bioinformatics approach that combines comparative genome analysis with gene expression analysis of a Bbs4-null mouse model to identify and prioritize BBS candidate genes. The identification of mutations in a gene found within a candidate positional interval validates the use of small families for the identification of new BBS genes. Small, consanguineous pedigrees also proved useful for the identification of patients with intragenic gene deletions in three previously known BBS genes.
Material and Methods

Human Subjects
Signed informed consents approved by the institutional review boards at the University of Iowa and collaborating institutions were obtained from all study participants at the time of their entry into the study. The diagnosis of BBS in individuals was based on the presence of at least three of the cardinal features of BBS (obesity, polydactyly, renal anomalies, retinopathy, hypogonadism, and learning disabilities). The features most consistently observed in the patients recruited for the study were obesity, polydactyly, and retinal degeneration. The 110 control samples (220 chromosomes) used for allele frequency estimation in the general population included a subset of the DNA Polymorphism Discovery Resource (Coriell Cell Repositories) and additional samples matched to the BBS patient population. The panel was designed to reflect the diversity present in the human population (Collins et al. 1998) .
SNP Homozygosity Mapping
Genomic DNA from affected individuals of consanguineous BBS families was used as the template to generate probes for use on Affymetrix 10K 2.0 SNP microarrays (Affymetrix). Sample processing and labeling were performed in accordance with the manufacturer's specifications (Affymetrix). The arrays were hybridized, washed, and scanned at the University of Iowa DNA Facility. Chip images were processed by the GeneChip DNA Analysis Software (GDAS) to generate SNP allele calls. For the homozygosity analysis, a sliding window of 30 SNPs was used to identify regions of homozygosity. To allow for potential SNP miscalls, we incorporated the use of quality control data to identify potential miscalls. To be conservative, we ignored SNPs that could not be scored by GDAS for this analysis. For the samples examined, an average call rate of 195% was obtained. When more than one sample was available from a family, a further constraint was placed on the analysis, in that all the samples from a family were required to be homozygous for the same allele at each SNP, consistent with identity by descent.
STRP Genotyping
PCR amplification for the analysis of STRPs was performed using 40 ng genomic DNA in 8.4 ml reactions containing 1.25 ml 10# PCR buffer (100 mM Tris-HCl [pH 8.8], 500 mM KCl, 15 mM MgCl 2 , 0.01% gelatin [w/v]); 200 mM each of dATP, dCTP, dGTP, and dTTP; 2.5 pmol of each primer; and 0.2 units of Taq polymerase. Samples were subjected to 35 cycles of 94ЊC for 30 s (50ЊC, 52ЊC, 55ЊC, or 57ЊC, as required, for 30 s) and 72ЊC for 30 s. Amplification products were separated on 6% polyacrylamide gels containing 7.7 M urea at 60 W, for ∼2 h. The bands were visualized by silver staining. Oligonucleotide primers for the STRPs were custom designed and synthesized commercially (IDT).
Comparative Genomic Analysis
Identification and prioritization of BBS candidate genes in this study used a computational comparative genomics technique that is similar to previous methods (Avidor-Reiss et al. 2004; Chiang et al. 2004; Fan et al. 2004; Li et al. 2004) . A basic principle of the comparative genomics approach is that a specific biological feature is evolutionarily conserved among a group of organisms. A second group of organisms that explicitly lack this same characteristic is then identified. These two groups of organisms serve as "positive" and "negative" reference sets, respectively, for compiling a list of candidate genes. The organisms for our analysis were selected with the goal of minimizing genome complexity. In addition, ciliated organisms were included, since evidence indicates that BBS genes are involved in cilia function and/or maintenance (Avidor-Reiss et al. 2004; Blacque et al. 2004; Li et al. 2004; Mykytyn et al. 2004) . In a modification of the comparative genomics approach used to identify genes involved in cilia function Fan et al. 2004; Li et al. 2004) , Giardia lamblia was included in the negative set despite the presence of flagella, since no apparent BBS orthologues are found in the Giardia genome. The inclusion of Giardia allows for a more specific screen for BBS genes because other cilia-related genes in the Giardia genome are removed from the BBS candidate gene set. The compu-tational sequence similarity tool BLAST (Altschul et al. 1990 ) was used to determine the orthologs of human proteins from Ensembl release 28.35a.1 to those of the model organisms Trypanasoma cruzi, Leishmania major, G. lamblia, and Saccharomyces cerevisiae. The positive and negative reference sets were compared using a threshold of e-37 to identify BBS gene candidates. This value was selected empirically on the basis of observed levels of similarity among the known BBS proteins in this group of organisms. Protein sequences for the model organisms were obtained from The Institute for Genomic Research (T. cruzi), the Sanger Institute (L. major), GiardiaDB (G. lamblia), and the Saccharomyces Genome Database (SGD) (S. cerevisiae).
Bbs4 Microarray Analysis
The Bbs4
Ϫ/Ϫ mouse model has been described elsewhere (Mykytyn et al. 2004) . Whole eyes were dissected from euthanized Bbs4 Ϫ/Ϫ and wild-type mice at 8 mo of age. One eye from each animal was processed for histological analysis to verify retinal degeneration, while the second eye was used for the isolation of total RNA. Total RNA from pooled Bbs4 Ϫ/Ϫ and wild-type eyes (three in each group) was extracted using TRIzol reagent (Invitrogen) and was purified through RNeasy columns (Qiagen). Integrity of the RNA was assessed on an Agilent 2100 bioanalyzer (Agilent Technologies). Pooling of eyes was necessary because of the low RNA yield from individual eyes and also to minimize the effects of biological variability among samples.
The two RNA pools were hybridized to Affymetrix mouse 430 2.0 arrays. Five micrograms of total RNA was used for the synthesis of double-stranded cDNA by the Superscript Choice system (Invitrogen) and T7-(dT)24 primer (Sigma-Genosys). In vitro transcription was performed in the presence of biotinylated UTP, and the cRNA was fragmented and hybridized for 16 h to the arrays by use of the Affymetrix GeneChip Instrumention System at the DNA Core Facility of the University of Iowa. After stringent washes, the arrays were stained with streptavidin-phycoerythrin (Molecular Probes) and then scanned. Data were acquired using the Affymetrix data collection and analysis programs GeneChip Operating Software (GCOS) and GDAS. Probe sets that demonstrated a greater than twofold decrease in expression in the knockout pool, as compared with the wild-type pool, were identified. Such probe sets were further constrained, in that the signal for at least one of the pools was required to be scored as present by GDAS.
DNA Sequencing and Mutation Screening
PCR products for sequencing were amplified in a 20-ml reaction volume and were separated on a 2.0% agarose gel, as described elsewhere (Nishimura et al. 1998 ).
The corresponding bands were excised and purified using the QIAquick gel extraction kit (Qiagen). As the template for sequencing reactions using dye-terminator chemistry (Applied Biosystems), 4.5 ml of purified PCR product was used. PCR product sequencing reactions were precipitated in the presence of glycogen and isopropanol. The reactions were analyzed on an ABI 3730XL DNA Sequencer. All sequence variants were verified by direct DNA sequencing and/or by restriction enzyme digestion. Primer sequences used to screen the entire B1 gene are available upon request.
In some cases, the coding sequence of candidate genes was also screened by SSCP analysis. Amplicons for SSCP analysis were designed to be ∼200 bp in size. For SSCP, PCR products were separated on SSCP gels (7 ml 50% glycerol, 3.5 ml 5# TBE, 8.8 ml 37.5:1 acrylamide/bis, and 50.7 ml ddH 2 0) for 3-4 h in 0.5# TBE at room temperature, with the temperature controlled by a cooling fan. The gels were silver stained to visualize DNA bands. Abnormal variants were sequenced and compared with a control sample (CEPH sample 1331-01) for the detection of any changes from that of the normal sequence.
B1 Gene Expression Studies
Northern blots containing 2 mg of poly (A) RNA isolated from a broad array of human and mouse tissues were purchased from Clontech. Following hybridization, the blots were stripped of radioactivity and rehybridized with a cDNA probe for b-actin for the verification of equal loading of RNA (Swiderski et al. 1999 ). RT-PCR was performed with the SuperScript II Reverse Transcriptase kit (Invitrogen) in accordance with the manufacturer's instructions. Products were separated on 2.0% agarose gels. Bands were excised from the agarose gels and sequenced, to confirm their identities or to discern their sequences, following the protocols described above.
Results
Comparative Genomic Analysis
The existence of eight known BBS genes provided an opportunity to use bioinformatic methods to identify additional BBS genes. We hypothesized that the genomes of model organisms that retained orthologues of the known BBS genes were likely to contain yet-to-be-identified BBS genes, and the genomes of organisms that did not contain orthologues of known BBS genes were unlikely to contain orthologues of additional BBS genes. We examined a number of model organisms for potential inclusion in our comparative genomics analysis. Model organisms such as T. cruzi, L. major, G. lamblia, and S. cerevisiae were attractive for two reasons: These organisms have relatively small genome sizes, and the paucity of intervening intronic sequence facilitates the de novo identification of novel protein coding sequences. Table  1 illustrates the similarity of human BBS proteins to their putative orthologues in these four organisms. With the exception of the MKKS protein sequence, the known BBS protein sequences have high levels of similarity to sequences in T. cruzi and L. major. From these observations, a threshold of рe-37 was used for considering a gene found in a model organism to be an orthologue of the human BBS gene. Based on this cutoff, BBS orthologues were not found in the genomes of G. lamblia and S. cerevisiae.
We next performed BLAST analysis of the set of 35,838 human proteins from Ensembl release 28.35a.1 against the proteomes of T. cruzi, L. major, G. lamblia, and S. cerevisiae. For the positive BBS candidate set, we included all human proteins that exceeded the threshold of e-37 to orthologues in T. cruzi and L. major. We then removed from the BBS candidate set those human proteins that did not meet the e-37 threshold in either G. lamblia or S. cerevisiae, two organisms that do not contain orthologues to the known BBS genes. The analysis of G. lamblia orthologous proteins was especially helpful for the comparative genomic analysis, in that this organism has four pairs of flagella yet lacks identifiable BBS orthologues. Several lines of evidence, including evaluation of BBS mouse models and protein localization, indicate that BBS genes are involved in cilia synthesis, function, and/or maintenance (Avidor-Reiss et al. 2004; Blacque et al. 2004; Li et al. 2004; Mykytyn et al. 2004) . The use of the Giardia sequence allows removal of cilia-related genes that may not be involved in BBS. The removal of G. lamblia and S. cerevisiae proteins resulted in a set of 366 human proteins, 239 of which are unique. The genes corresponding to these protein sequences will be referred to as the "comparative genomics" set of BBS gene candidates.
Refinement of the BBS Candidate Gene Set with Gene Expression Data
We have previously described elsewhere a knockout mouse model for BBS4 (Mykytyn et al. 2004 ). Homozygous knockout animals exhibit an early onset form of retinal degeneration, with loss of the photoreceptor layer by 8 mo of age. Gene expression studies were performed by microarray analysis of whole eye RNA between Bbs4 Ϫ/Ϫ versus age-and sex-matched controls. Photoreceptor loss in the Bbs4 Ϫ/Ϫ animals was confirmed by histology. As shown in table 1, seven of the eight known BBS genes demonstrate a twofold or greater decrease in expression in eyes from Bbs4 knockout mice aged 8 mo, as compared with control eyes. Only the Bbs6 gene, Mkks, failed to show a significant decrease in gene expression in this model system. Of the 45,000ϩ probe sets represented on the Mouse Genome 430 2.0 Array, 667 unique probe sets demonstrated a twofold or greater decrease in gene expression in the knockout eyes, as compared with the controls. This group of genes is referred to as the "retinal expression candidate gene set."
We next hypothesized that, by considering the intersection of genes between the comparative genomics BBS candidate gene set and the retinal expression candidate gene set, we would be able to identify a refined set of genes that was highly enriched for potential new BBS genes. There are a total of 19 genes that are found in common in the bioinformatics and expression candidate gene sets, including seven of the eight known BBS genes. Because this set of 19 genes (table 2) contains known BBS genes, it was hypothesized that this refined set of genes also included undiscovered BBS genes.
Homozygosity Mapping with Small, Consanguineous BBS Pedigrees
Most of the previously identified BBS genes were identified using positional information obtained from genetic mapping studies using multiplex families. We do not have access to additional large families suitable for positional cloning studies. However, small, consanguineous BBS families with one or two affected individuals can be used to identify loci that are homozygous in the affected individual(s). Loci that are homozygous by descent in affected individuals from small, consanguineous families are candidates for disease loci. Mapping data from a small family typically identifies a number of large candidate intervals, only one of which includes the gene that is mutated in that family. The intersection of putative candidate intervals identified by homozygosity mapping with BBS candidate gene sets can lead to the identification of the highest priority candidate genes for mutation screening.
To identify putative BBS loci, we performed genomewide SNP genotyping at 10,000 SNP density in two groups of consanguineous BBS families. The first group contained seven families with two affected individuals (consanguineous, affected sibling pairs [CSP]), while the second group contained families with only one affected individual. Homozygosity mapping studies in the first group of seven families revealed 20 candidate regions (table 3) . Only a single candidate region at 9q22 was identified in more than one CSP family; all other candidate regions were identified in only a single CSP family. The second group consisted of nine consanguineous BBS families, each with one affected individual (consanguineous affected proband [CAP] ). Genotyping of the nine CAP samples revealed 79 regions of homozygosity, 19 of which overlapped (at least partially) with regions identified in the CSP families (see table 3 ). The data from the homozygosity mapping studies were then compared with the candidate gene set and were used to prioritize candidate genes for mutation screening in selected BBS patients. Three genes were initially selected for candi-
Figure 1
Pedigrees of BBS families with B1 mutations. Specific mutations detected in each family are indicated below the family identifier. All mutations were found in the homozygous state, with the exception of that in UAP-74. mt p Mutant allele corresponding to the mutation in each family. wt p Wild-type (normal) allele. In UAP-74, mt1 represents the K626fsX647 and mt2 represents the IVS4ϩ1GrC mutation.
date gene screening-DPCD (Hs.549129, 10q24.32), UNC119 (Hs.410455, 17q11.2), and B1 (Hs.372360, 7p14.3)-on the basis that these genes were those most strongly supported from the homozygosity mapping data (each mapped to an overlapping region of homozygosity in one CSP family and in one CAP family, or in two CAP families).
Identification of B1 as the BBS9 Gene
The coding sequences of three candidate genes were determined in DNA samples from those affected BBS individuals who had a region of homozygosity that overlapped with the specific candidate gene. The DPCD and UNC119 genes were sequenced without the finding of BBS sequence variants. When the B1 gene was sequenced in a consanguineous Arab BBS family (CAP-9) displaying homozygosity within the region of chromosome 7 containing the B1 gene, we detected a homozygous GrA transversion that affects the splice donor site of intron 17 (IVS17ϩ1GrA). This change was not found in 110 control samples (220 control chromosomes). The splice donor mutation is predicted to prevent splicing at the donor site, thus leading to the incorporation of intron 17 into the mature mRNA and resulting in premature termination within intron 17. It was not possible to experimentally confirm the effects of this mutation, since cells or tissue were not available from this patient or family members.
We next used SSCP to screen the B1 gene in 95 unrelated BBS probands with no known consanguinity (unrelated affected probands [UAP]). We detected five probands, each with a different mutation in the homozygous state (see fig. 1 ). These mutations include a homozygous GrA transversion in exon 4 (421GrA) predicting G141R, a homozygous CrT transversion in exon 9 (1063CrT) predicting Q355X, a homozygous CrT transversion predicting R598X, a homozygous 1-bp insertion (2046insC) predicting K683fsX687, and a homozygous 4-bp deletion (1887_1880delAACA) predicting K626fsX647. The 1877_1880delAACA mutation was also found in an affected proband (UAP-74) in the heterozygous state. The UAP-74 family was also found to harbor a splice donor mutation (IVS4ϩ1GrC) in intron 4 in the heterozygous state. In total, 6 of the 95 probands (6.3%) had either homozygous (5) or compound heterozygous (1) mutations. In each case, the mutation segregated with the disease in the family ( fig. 1) . None of these variants was detected in 110 control DNA samples (table 4). All mutations refer to GenBank reference sequence NM_198428.
B1 Gene Structure and Expression
Previous studies have shown that the B1 gene encodes multiple splice isoforms (Adams et al. 1999) . A 1.8-kb isoform appears to be specific to bone or bone-derived cells. Two different isoforms of the B1 gene are listed in UniGene as RefSeq ID numbers NM_014451 and NM_198428. These two isoforms differ, in that exons 15 and 16 are present in NM_198428 but are absent in NM_014451. Furthermore, two additional downstream exons that are not present in either of the UniGene sequences have also been observed (Vernon et al. 2003) . In an attempt to clarify the gene structure and expression pattern of the B1 gene, we performed bioinformatics analysis of B1 EST sequences and performed both northern blot and RT-PCR studies on human tissues. These studies indicate that the B1 gene consists of 25 exons that span 1700 kb of genomic DNA. With the exception of the first exon, the remaining 24 exons contribute to the various B1 protein isoforms. The NM_198428 isoform (presence of exons 15 and 16) appeared to be the major isoform in all tissues examined, with little to no expression of the NM_014451 isoform. We found evidence for three splice isoforms at the 3 end of the B1 gene, as depicted in figure 2. These three isoforms involve differential utilization of exons 22, 23, 24, and 25, along with the use of alternative 3 UTR sequences.
Multiple B1 transcripts have been previously reported elsewhere in a broad range of human tissues (Adams et al. 1999) . To study B1 gene expression patterns in tissues related to the BBS phenotype in mouse and human, we prepared northern blot hybridization probes directed at exons 18-20, as depicted in figure 1. We observed expression of a 4.5-kb transcript in all tissues studied, as well as several smaller transcripts ranging in size from ∼2 kb to 4 kb, as shown in figure 3A . Similarly, in mouse tissues, expression of an ∼4.5-kb mRNA was noted ( fig.  3B ). Two additional smaller transcripts were detected solely in the testis. B1 gene expression was also noted in the eye and in many regions of the mouse brain, including the hypothalamus (data not shown).
Alu-Mediated Deletions as a BBS Mutation Mechanism
In addition to the identification of a novel BBS gene, homozygosity mapping of individual patients from consanguineous matings was useful for facilitating the identification of previously undetected mutations in known BBS genes. Examination of the SNP data from nine unrelated BBS patients revealed that six were homozygous for at least one locus containing known BBS genes (table  5) . We sequenced the known BBS gene at the homozygous locus in each of these individuals. No point mutations were detected within the coding regions or the flanking intron regions of the BBS genes that were examined. However, it was noticed that some of the amplicons consistently failed to amplify from the DNA samples of three affected patients. Since the samples used for this analysis were obtained from consanguineous BBS families, the presence of deletions in the homozygous state was considered as the cause of the failed amplification. In each case, deletions were confirmed and characterized by the examination of regions that flanked the exons that failed to amplify in the BBS-affected individuals. The regions of the BBS genes containing these deletions are shown in figure 4.
Exons 9, 10, 11, and 12 failed to amplify from a proband (CAP-2) that demonstrated homozygosity for a ∼68-Mb region on chromosome 2 that contains the BBS5 gene. Characterization of the deletion confirmed that the breakpoints were located within intron 8 and a region beyond the BBS5 3 UTR. The breakpoint in intron 8 was found to have occurred within an Alu element, while the downstream breakpoint occurred within an SVA repeat element. There was no apparent sequence similarity at the site of the breakpoints other than a short region that flanked the breakpoints. No other family members were available for study.
Exons 1, 2, 3, and 4 failed to amplify from a proband (CAP-8) that demonstrated homozygosity for a 17-Mb region on chromosome 4 that contained the BBS7 gene. Characterization of this region of homozygosity confirmed a four-exon deletion with breakpoints that were located upstream of exon 1 and within intron 4. The breakpoint upstream of exon 1 was found to have occurred immediately 3 of an Alu element, whereas the breakpoint within intron 4 appeared to occur within a nonrepetitive sequence. There was no apparent sequence similarity at the breakpoint regions. There were four other family members available for study, none of which had BBS. The BBS7 deletion was not found in the homozygous state in any of these family members.
Evaluation of the BBS4 gene in a proband (CAP-1) with a 30-Mb region of homozygosity on chromosome 15 revealed the amplification failure of exons 3 and 4. Further analysis confirmed a two-exon deletion with breakpoints within introns 2 and 4. This mutation was identical to that reported in two other families with a deletion in BBS4 (Mykytyn et al. 2001) . The small sizes of these deletions (10 kb-20 kb), in comparison with the average 300-kb spacing of SNPs on the array used for this study, precluded their direct detection by SNP genotyping.
We examined the regions containing the breakpoints in each of the three deletion events. Three of the six breakpoints occurred within Alu-repetitive elements, whereas a fourth was found to occur just outside an Alu element. The two breakpoints involved in the BBS4 de-
Figure 2
Genomic structure of the B1 gene, with exons depicted as boxes. Filled boxes, Coding regions. Open boxes, UTRs. Exon sizes are shown below the exons in the genomic structure. The three isoforms of B1 presented in this study are depicted below the genomic structure. The location of the B1 northern blot probe (hatched box) is shown. Locations of the BBS mutations detected in this study are indicated at the bottom of the figure. letion appear to have occurred within the Alu element in regions that share sequence similarity ( fig. 5 ). It has been previously noted elsewhere that this sequence shows a striking resemblance to the prokaryotic x-sequence, which is thought be involved in stimulating recombination in E. coli (Rudiger et al. 1995; Kolomietz et al. 2002) . The close proximity of Alu elements to at least one of the regions involved in each of the deletion events suggests that such elements play some role in their occurrence.
Discussion
Although BBS is uncommon in the general population, some clinical features of the disorder, such as hypertension, obesity, and diabetes, are prevalent. Several BBS genes have been identified to date, yet our knowledge of BBS gene function remains limited. The identification of additional BBS genes remains a worthy goal for a number of reasons, including that (1) accurate molecular diagnosis of this disorder is not currently possible for many patients, (2) additional clues to a common molecular mechanism involved in BBS pathogenesis may be elucidated by the identification of additional genes, (3) a clearer understanding of the genetic complexity of BBS will be aided by the identification of additional genes, and (4) identification of additional BBS genes is likely to give insights into the pathways involved in individual components of the BBS phenotype.
Before the current study, eight BBS loci were known, and the disease-causing gene at each of these loci was identified using positional cloning and candidate gene analysis. On the basis of mutation analysis of coding sequence from the eight known genes, the disease-causing mutation has been identified in approximately half of the patients. Possible explanations for such a result include the existence of as-yet-unidentified BBS genes, the existence of undetected mutations in one or more of the known BBS genes, and/or misdiagnosis of BBS patients. The current study was based on the hypothesis that additional BBS genes are yet to be discovered.
The genetic attributes of BBS presents obstacles that impede mapping efforts, including the genetic heterogeneity of the disorder, the relative rarity of the disorder, and the paucity of multiplex families. To overcome these obstacles, we generated and utilized three types of data. First, we performed homozygosity mapping in small, consanguineous BBS pedigrees with one or two affected individuals. Second, we utilized comparative genomics data to generate a set of BBS candidate genes that are conserved in the genomes of model organisms in a pattern similar to the currently known BBS genes. Finally, we used comparative expression data generated by microarray analysis of Bbs4 Ϫ/Ϫ and control mouse eyes. The combination of these three types of data allowed us to select high-priority genes for mutation screening in selected BBS patients.
To take maximum advantage of small pedigrees to identify new genetic loci involved in BBS, we selected pedigrees in which the parents of the patients were known to be related. The use of consanguineous pedigrees allowed homozygosity mapping to be performed. The size of the pedigrees did not provide enough power to unambiguously map new loci. However, modest den- 
Figure 3
Northern blot analysis of B1 gene expression by northern blot analysis. A, Human B1 probe hybridized to human RNA. B, Mouse B1 probe, corresponding to the same location as the human B1 probe, hybridized to mouse RNA samples. sity SNP genotyping of the small, consanguineous pedigrees did identify candidate BBS loci on the basis of the identification of regions with apparent homozygosity by descent. SNP genotyping of individual patients revealed numerous homozygous SNPs. In most cases, individual SNPs are homozygous by state. However, large stretches of consecutive homozygous SNPs are more likely to be homozygous by descent in the offspring of consanguineous matings than they are to be homozygous by state. In this study, we used a sliding window of 30 SNPs to stringently identify regions of homozygosity, since even relatively uninformative SNP markers are unlikely to be homozygous by state for 30 consecutive markers. The requirement of 30 consecutive homozygous SNPs limited the number of false positive regions yet allowed for the identification of large regions of homozygosity. Because any individual is likely to have multiple homozygous intervals, genetic intervals identified in this manner can be considered only as putative disease loci. However, such loci are useful for prioritizing the selection of candidate genes for mutation screening, and this application of homozygosity data was used successfully in this study. In future studies, the use of higher-density SNP genotyping and the use of genetic and physical map position of the SNPs may allow for the detection of smaller disease candidate regions that are homozygous by descent in other families.
Comparative genomics has been utilized to facilitate the identification of the two most recently identified BBS genes, BBS3 and BBS5 Fan et al. 2004; Li et al. 2004 ). In the current study, we have refined this approach by selecting two core sets of genomes of model organisms for comparative genomic analysis. An important improvement was the use of the genome of G. lamblia, a bi-nucleated organism, with four pairs of flagella, and one of the most primitive known eukaryotic organisms. It contains no orthologues of the known BBS genes, despite the presence of flagella. This observation suggests that BBS genes are not required for biogenesis or maintenance of the flagella in Giardia. Because Giardia has flagella, the Giar-
Figure 4
Intragenic deletions found in BBS4, BBS5, and BBS7. The extent of each deletion is depicted within the partial genomic structure for each gene. The locations of the exons are shown below the line representing the genomic sequence (AC016402, AC093899, and AC079341). Within the genomic sequence, repetitive element family members are indicated as follows: blue, AluS; red, AluJ; green, AluY; yellow, FLAM; and pink, SVA. Translation of the genomic region in the three forward reading frames are shown below each gene figure with start codons (green) and stop codons (red). dia genome should contain the genes that are required for generating and maintaining flagella. It is the subtraction of this particular set of genes during the comparative genomics analysis that made the genome sequence of Giardia a key resource in defining BBS candidate genes.
A third component to our approach to identifying novel BBS genes was the use of gene expression analysis of a BBS mouse knockout model. We have previously characterized the Bbs4 Ϫ/Ϫ mouse model and found that the homozygous mutant mice underwent an early onset retinal degeneration, with loss of the photoreceptor layer by 8 mo of age (Mykytyn et al. 2004) . The loss of the photoreceptor layer provided an opportunity to use this animal model to identify genes that are expressed in the photoreceptor layer by using microarray analysis to compare knockout and control animals. In addition to the Bbs4 gene, six of the seven known mouse BBS genes showed significantly decreased expression in the Bbs4-knockout eye. This suggests that the BBS genes are expressed predominantly in the photoreceptor layer, though they may also be expressed at lower levels in other regions of the eye. Importantly, we would expect that other, as-yet-unidentified BBS genes would dem-
Figure 5
Sequence flanking the breakpoints for the BBS4 deletion. The sequences of the 5 and 3 Alu elements are shown as well as the sequence of the junction fragment of the BBS4 deletion event in family CAP-1. Box, The region in which the breakpoint has occurred within each Alu element. The 26-bp core sequence within the Alu element identified by Rudiger et al. (1995) is shown at the bottom of the figure, as well as a comparison to the prokaryotic x-sequence.
onstrate similar expression in the photoreceptor layer, which would, in turn, make their identification by microarray analysis possible.
Seven of the eight known BBS genes are found in both the comparative genomics and gene expression candidate gene sets. Each set individually has hundreds of potential candidate genes. By identifying genes that were found in both candidate gene sets, it was possible to define a set of 19 gene candidates that had a very high probability of being mutated in patients with BBS. Only the BBS6 gene, MKKS, is not contained in this list of BBS gene candidates. In fact, the MKKS gene does not satisfy criteria for inclusion into either the comparative genomics or gene expression candidate gene sets.
We conducted homozygosity mapping studies in 16 consanguineous BBS families, each containing only one or two affected individuals. The information gained from the mapping studies was used to select those BBS patients that were most likely to harbor mutations in specific candidate genes. This strategy resulted in the identification of the B1 gene on chromosome 7p as a novel BBS gene.
Multiple lines of evidence support the conclusion that the B1 gene is BBS9. A total of seven mutations were detected in the B1 gene in DNA samples from BBS patients. None of these mutations was detected in controls. Of note, all but one of the seven probands in which mutations were found were homozygous for their specific mutation (one patient was a compound heterozygote), despite the fact that the majority of these families were not known to be consanguineous. This finding was predicted for disease-causing loci on the basis of the observation of Sir Archibald Garrod (1902) that patients with rare autosomal recessive disorders were more likely than not to result from consanguineous unions. Furthermore, the tissue expression pattern was similar to that of other BBS genes. The B1 gene has also been shown to be expressed in ciliated cells in C. elegans, a finding that has been observed for other BBS genes ). The B1 protein has no similarity to the other known BBS proteins and the specific function of the B1 gene is unknown.
In addition to identifying a novel BBS gene, we also used homozygosity mapping to identify three families with homozygous deletions in three different BBS genes (BBS4, BBS5, and BBS7). These deletions are predicted to result in null alleles. They were discovered fortuitously in the consganguineous samples, because of the inability to amplify certain exons from samples with the deletions. However, in the heterozygous state, such deletions would not be detected by current screening methods, since the remaining copy of the BBS gene would provide an adequate template for PCR amplification. Thus, it is likely that some samples for which only a single BBS mutation is detected may actually harbor an undetected deletion or duplication. The existence of patients with BBS who are heterozygous for a single BBS mutation has been used as an argument for the triallelic hypothesis of BBS inheritance (Beales et al. 2003) . Large deletions (or duplications) may be the second mutation in some samples for which only a single mutation has been detected. Other types of mutations that are not detected by standard mutation screens include promoter and other regulatory mutations, some of which may be located at a large distance from the first exon of the gene. Together, these classes of mutations might explain cases in which only a single causative BBS mutation has been identified.
In addition to the identification of regions of homozygosity, it is possible to use SNP genotyping for the identification of deleted regions of the genome. In the current study, we did not identify novel BBS candidate regions on the basis of the identification of microdeletions with the use of SNP genotyping. However, the use of higher-density SNP arrays could facilitate the identification of relatively small deletions, either by detecting regions of apparent homozygosity or, in the case of homozygous deletions, by the failure of contiguous SNPs to give a detectable signal on the array.
In summary, we have used a multifaceted approach that combines comparative genomics analysis with gene expression information from a BBS-knockout model, to identify a focused set of BBS candidate genes. Small, consanguineous BBS families were used to identify candidate regions for new BBS loci. By use of this information, the B1 gene was identified as a new BBS gene, BBS9. The identification of BBS9 demonstrates that small, consanguineous BBS families can be used successfully to identify new BBS genes. The mapping information was also used to identify three intragenic deletions within the BBS4, BBS5, and BBS7 genes. Since this type of mutation is not detected by the commonly used mutation detection strategies, the frequency of such mutations in the BBS population is largely unknown and may represent a class of mutation that is underestimated. The approaches used in this study would be applicable to numerous other autosomal recessive disorders.
